The theory of the emission of thermal radiation from the solar envelope at radio-frequencies is worked out in detail. The Lorentz theory of absorption is used in conjunction with Kirchhoff's law to derive the effective temperature of the various regions of the solar disk over the radio spectrum. A maximum effective temperature approaching 108 °C is found in the vicinity of 1 m. wave-length. Limb brightening occurs at centimetre wave-lengths. It is shown that Gaunt's quantum mechanical expression for free-free emission yields results almost identical with the classical treatment, provided Chapman and Cowling's expression for the collision frequency in a fully ionized gas is used in the latter treatment. It is sug gested that it may be preferable to treat problems of solar and galactic radio noise by classical methods, particularly when the refractive index of the medium departs appreciably from unity.
I n t r o d u c t io n
The great advances in radio technique in the past few years have, theoretically, made it possible to detect solar radiation on wave-lengths of the order of centi metres. At such wave-lengths Planck's formula for black-body emission degenerates to the Rayleigh-Jeans formula, and the ■emissivity of a black body becomes pro portional to TX~2 per unit frequency increment, T being the temperature of the source, and A the wave-length of the radiation. The first successful observations of such emission from the sun appear to have been made by Reber (1944) and Southworth (1944) . The latter deduced from his observations a value of T about 6000° C at a wave-length of about 10 cm., agreeing with the well-known temperature found in the visible region of the spectrum. Subsequently, however, Southworth (1946) corrected his results and deduced a temperature of 20,000° C.
In the meantime, a number of investigators, notably Appleton (1945) , and Pawsey, Payne Scott & McCready (1946) , had reported strong but variable emission from the sun at considerably longer wave-lengths, of the order of metres. Appleton, and also Pawsey et al., suggested th at such emissions, which appeared to correlate with sunspots, could not well be thermal in character, since such an interpretation would require the postulation of impossibly high values of T on the sun. This paper (I) is concerned only with the discussion of that component of solar radiation which appears to be thermal in origin. It is hoped to discuss the more highly organized radiation which appears to be correlated with sunspots in part II.
[ 44 ]
The recent investigations of Edlen (1942) and Alfven (1941) have shown th a t coronal m atter is normally a t a temperature approaching one million degrees. It is obviously important, therefore, in interpreting the observations, to have a clear picture of the region of the sun (photosphere, chromosphere or corona) from which the observed radiation at any selected wave-length is emitted. To achieve this, a reasonably accurate knowledge of the electron-pressure distribution in these regions is necessary. Fortunately, such information is available from several sources. Baumbach (1937) gives what should be reliable estimates of the electron densities in the corona, since they are deduced directly from observations of light scattering by these particles. Cillie & Menzel (1935) have made a theoretical investigatipn of the electron pressures in the chromosphere. I t was found in the course of the present investigation that radiation in the radio spectrum does not originate in regions lower than this.
. R a d i a t i o n f r o m a n e l e c t r o n -io n a t m o s p h e r e
The problem of the depth from which solar radiation of given frequency issues has already been encountered by .solar physicists. Milne has introduced the useful concept of optical depth r given by r = |*K(ls, where k is the absorption coefficient and ds an element of path along the selected ray. He has shown (Milne 1930 ) th a t the radiation observed from a slab of material comes from an average optical depth r = 1 measured along the ray. This concept is adequate for conditions encountered in the visible spectrum. It is found below, however, th at over a large part of the radio spectrum the refractive index /jl of the medium is considerably less than unity. Moreover, the electron-collision frequency v is so small th at it is possible at certain wave-lengths for incoming radiation to penetrate the solar envelope to the level /i = 0 without serious absorption. In other words, at certain (radio) wave-lengths the solar envelope is a reflector. Under such conditions it may be impossible for incoming radiation to reach the optical depth unity with appreciable intensity, and Milne's criterion cannot be applied.
It is a well-known fact in the theory of radio propagation in the ionosphere th a t under these circumstances most of the absorption occurs near the level 0, where the ray is strongly deviated (by angle tt for the presently assumed case of vertical incidence). It will be sufficient then to replace Milne's criterion in such cases by the criterion that the observed radiation comes from the level 0. In these cases, however, the radiation emitted at wave-length A will no longer be the full radiation corresponding to the temperature T at this level. Since the medium is a reflector it will be necessary, in calculating the emission, to reduce the theoretical black-body emission by a factor which is the absorptive power, in accordance with Kirchhoff's law. Those familiar with the theory of radio propagation in the ionosphere will readily recognize the distinction between the two cases described above. Milne's criterion applies for 'absorption in the non-deviating region'. The other treatm ent must be used for 'absorption in the deviating region'.
2*1.
The determination of the effective levels of emission 2 • 1 • 1. Case (a). The atmosphere is a full absorber For this class of wave-lengths, which lies at the short-wave end of the radio spec trum, it is necessary, as explained above, to determine the levels at which t 1. Baumbach's results (1937), which are described below, reveal th at the electrondensity gradient in the corona is exponential in form. Moreover, it is found th at the exponential coefficient is constant over large ranges of radial distance from the sun. Since the corona is completely ionized and neutral, v must also have an exponential gradient, with approximately the same coefficient, so long as the temperature change is small over the range under consideration.
Hence

N = N and v = vQe~Pr,
where N is the electron density at distance r from the sun's centre, and N0, v0, fi are constants to be determined later from Baumbach's results. Absorption of a ray in a medium of this type has been previously worked out (Martyn 1935a) . From the latter treatment* it follows immediately th at where cos2 6 = pNjp2 cos2 i, i being-the angle of incidence of the ray, p /27T the wave frequency, c the velocity of light, and p -47re2/m, e, m being the electronic charge and mass. Writing 'a ' for 3cfipN0/2v0p 2 cos3 i, the condition for r = 1 is sin3 $ -3 sin 6+(2 -a) = 0.
The solution of this cubic equation gives the value N' of N at which r = 1, when the frequency and angle of incidence are specified. Over most of the range to be in vestigated it turns out th at a1 . In these circumstances the solu
(1) 1S cos20 = M 5 > , and so N' = l-15pcosi i*J(3cfiN0/2pv0). (2) 2-1-2. Case (b). The atmosphere is a partial reflector In these cases, which apply for the longer wave-lengths and shallower angles of incidence, the level at which an incoming ray is turned back has to be determined, since this is the region where absorption chiefly occurs. This level is readily fixed by an application of Snell's law, together with the well-known expression due to Lorentz for the refractive index of an ionized gas, viz.
* In the paper quoted, absorption was expressed in ratios of electric field strength. In the present paper it is expressed in energy ratios, in accordance with optical convention.
At the turning point, by Snell's law, [i\ = sin2i = 1 -pNJp2, and so Nx = p 2 cos (3)
For given p and i equation (3) determines the level from which the radiation is principally emitted, when the atmosphere is a reflector.
2-2. The determination of the absorptive power of the medium
The absorptive power A of the medium is, by definition, (1 -e~2Tl), where r x is the optical depth of the turning point of an incoming ray. Clearly, for wave-lengths such th at the medium is a full absorber, A is unity.
When the medium has appreciable reflecting power it is necessary to know r l5 in order to calculate the emission by KirchhofF's law. I t has previously been shown (Martyn 1935 a) that for a medium with exponential gradient
2-3. The effect of a magnetic field on the emission levels 2-3-1. The absorption levels
When the presence of a magnetic field H is taken into account the atmosphere becomes doubly refracting, and for each frequency there are two levels of effective absorption. The appropriate theory for a uniformly ionized medium has been given by Appleton (1932) . The equations expressing the two modes of propagation (the ' ordinary ' and ' extraordinary ' rays) are cumbersome, but fortunately it has proved possible to make adequate approximations for the purposes of this paper. In particular, the fact th at v/p <41 over the region of the radio spectrum under examina tion greatly simplifies the equations. Another simplification arises from the fact th at the gyro-frequency oj (= Hejm) is found to be less than p in the absorbing regions of the solar envelope, if H be given the value appropriate to the sun's general magnetic field.
Over all but a very limited range of values of i the treatm ent given in (2-1-1) and (2-1-2) remains valid for the ordinary ray. For the extraordinary ray, however, it becomes necessary to replace 'a ' in equation (1) by a(l -y)/(l -| |), where y is w/p, and yL is the component of y along the direction of the ray, and to put
(The basis of these approximations is due to Booker (1935) .) Over most of the range to be investigated an approximation similar to equation (2) is valid for the extra ordinary ray. Thus
This gives, for the extraordinary ray, the value of N for which r = 1.
When the atmosphere is a reflector a treatment similar to th at in (2-1*2) gives N2 -p2cos2i{l ±y)/p, the minus sign applying when p>0), and the plus when A complication occurs in these cases, as compared with the ordinary ray, N being no longer simply pro portional to p or p 2. This complication is usually unimportant in equation (5), since it turns out that for a wide range of the high frequencies here involved 1, so long as H has the magnitude appropriate to the sun's general magnetic field. For the lower frequencies involved in equation (6), however, y is found to be of the order of 0-5, and it becomes necessary to solve the equation rigorously as a quadratic in bearing in mind that a> and N are functions of r, the distance from the sun s centre.
The solution of equation (6) is 2 p = + o )± (o )2 + 4pN2/cos2 i), in which the plus and minus signs may be taken in any combination. Clearly, however, the negative sign before the radical must be discarded as it can only lead to negative solutions. This leaves two possible solutions for p. I t turns out th at for the values of N and o) appropriate to the corona and chromosphere ( § 3 below) both solutions give p > o ) at all levels. This rules out the use of the minus sign in of (o. The only* valid solution is then 2p -o) + + This result is particularly satisfactory, as the approximation involved in equation (6) is rather crude when y> 1. In practical computing a series of values of r are selected, N and o» being known for each value of r. Representative values of i (20, 40, 60, 80°) are taken, and equation (6) 
2-3-2. The absorptive power of the medium
From the discussion in (2-3-1) it follows that the optical depth r 2 of the turning point for the extraordinary ray is given by r 2 = 4v0cos3tp2(l -y)/3cp/lN0(l (7) 2-4. The validity of the application of law to a magnetically anisotropic medium In proving his law', Kirchhoff made use of the reciprocity theory of Helmholtz. It is well known that theorems of this type break down when applied to magnetically anisotropic media. I t seems desirable therefore to examine carefully the application of Kirchhoff's law to the solar envelope in the manner propounded in the present paper. The proper application of the law requires the specification of the plane of polarization.
Consider a beam of radiation plane polarized in a direction x at right angles to the direction of propagation, and let it be incident upon the medium with an ampli tude E sin pt. Let y be another direction a t right angles to x and to the direction of the beam. The plane-polarized beam may be split up into two equal circularly polarized components having opposite senses of rotation, thus:
The first of these components may be considered to be propagated through the medium as the ordinary component, and the second as the extraordinary component. When the medium varies sufficiently slowly in its properties (a condition which certainly is satisfied in the solar envelope), Booker (1936) has shown th at these two components can preserve their identity, each emerging after refraction with a characteristic polarization. For conditions where this limiting polariza tion is very nearly circular for all but a very narrow range of angles between the emerging ray and the magnetic field direction (Martyn 19356) . Assuming circular polarization, the emerging intensities may be written as
where p1 and p2a re the attenuations of the ordinary and extraordinary componen respectively. The total average energy in the emerging ray is therefore proportional to Hpi+p,f+(pi-p,n^i» -(ps+pd^m.
Since the average energy in the incident ray is similarly proportional to E2/2 it follows th at the absorptive power is
Expressing p12, which are ratios of field intensities, in terms of optical depths this becomes * i r/i oT \ /i oT Â = |{(1 -e~2Ti) + (1 -e~2T2)}.
By KirchhofFs law it can now be asserted th at if the emissive power I of the medium be resolved into the two plane-polarized components Ix and Iy, then
where Bf is the black-body emission at frequency/. Now A is clearly independent of the direction chosen for x, since it is a function only of the optical depths of the two independent circularly polarized components. It follows that 4 = 4 &nd I = + where A 12 are the absorptive powers of the medium for the two components. It seems clear that, for the particular conditions specified above, which result in the limiting polarizations being circular, Kirchhoff's law can be applied separately Solar radiation in the radio spectrum Vol. 193. A. to each component. The total emission will then be half the sum of the two unequal circularly polarized components so calculated.
It is satisfactory to note that Eckersley (1940) has experimentally verified the reciprocity theorem for conditions similar to those specified above. I t seems likely, however, that the conclusions reached above would become invalid in cases where p < o) and the limiting polarizations of each component become markedly elliptical.
D. F. Martyn 3 . T h e p h y s ic a l c o n d it io n s i n t h e c h r o m o s p h e r e a n d c o r o n a
For the theoretical deduction of thermal radiation from the solar envelope it is necessary to know the temperature distribution, the pressure distribution, the degree of ionization at the various levels, and the proportions of the constituent gases. Available knowledge regarding these quantities in the corona has been sum marized recently (Alfven 1941). Edlen's identification (1942) of the coronal lines as due to highly stripped metallic atoms leaves little doubt th at the coronal m atter is at a high temperature. Alfven has supplied additional lines of reasoning, notably th at of the large 'scale-height ' of the electron atmosphere in the corona, which make it reasonably certain that the temperature approaches one million degrees in this region. Since the surface of the photosphere is at approximately 6000° C there must be a fairly sharp rise of temperature on passing through the chromosphere and inner corona. The observations of Redman (1942) , who deduced kinetic temperatures in the chromosphere of order 30,000° C from a study of spectral line profiles, now fall into place. The temperature distribution used in the present paper is based on Alfven's work for the corona, and on Redman's observations for the chromosphere: it is given in figure 1 .
The distribution of electron density is known from the work of Baumbach (1937), who has analyzed the coronal isophotes from a number of eclipses. Baumbach's results are shown also in figure 1. They do not extend, of course, so far inwards as the chromosphere, and here appeal is made to Cillie & Menzel's theoretical calculations (1935) . The two sets of results have been joined smoothly, the junction occurring in the vicinity of N -4 x 108 electrons per c.c. I t seems unlikely th at B results will be much modified by subsequent investigations, so long as it be remem bered th at they represent average conditions only. On the other hand, Cillie & Menzel took no account of the probable rise of temperature in the chromosphere, and their results may have to be modified subsequently. For the purposes of this paper the quantitative uncertainty here is probably unimportant.
The constituents can safely be assumed as a Russell mixture, viz. 28 parts of H,* 1 part of O type atoms, and 1 part of metals. At the coronal temperature the hydrogen must be fully ionized, O type six times ionized, and metals ten times ionized. The It will be sufficient, therefore, to work out the electron-collision frequency with metallic ions and to increase the value obtained by two-thirds in order to allow for the presence of the other ions. Alfven has given values of v deduced by assuming a collision cross-section of 10~17 cm.2. This does not take account of the fact, however, th at the coronal m atter is highly ionized, so th at there are strong attractive forces between the electrons and heavy particles. The importance of this factor in the solar atmosphere has been stressed by Cowling (1945) . I t is readily deduced from the latter's work (equation (35), loc. cit.) taken in conjunction with th at of Chapman & Cowling (1939) on this type of gas, that
where A x(2) = logejl + (4 dkT)2 ] eex j ' k is Boltzmann's constant, and d is the mean distance between pairs of neighbouring ions and electrons. A x(2)i s, therefore, a slowly varying function of tempera pressure; it has the numerical v lues 25 in the corona, and 11 in the chromosphere.
It is of interest to compare the value of v calculated, from equation (8) for a given level in the corona, with th at given by Alfven for the same level. At the level r = 7-71 x 1010, figure 1 shows that N = 1-55 x 108cm~ 44 electrons for one metallic ion, so that nx = 3-52 x 106cm.-®. Inserting the other numerical values in equation (8), it is found that v -20*4 collisions per sec. This has to be increased by two-thirds to v = 34 per sec. in order of ion present. This is to be compared with Alfven's estimate, v = 2*2 per sec. at the same level. It is clear that neglect of the electrostatic forces is not permissible. The distribution of v in the corona and chromosphere deduced in the above manner is shown in figure 1 .
In calculating the absorption and locating the emission levels by equations (1), (2), (4) and (7) it will be observed that the solar variables appear always in the relationship j3NJv0. It is clear from equation (8) that NJv0 will vary markedly with T, so that this ratio will have very different values in the corona and chromosphere. The scale height 1//? varies, however, in such a way as to keep /3N0/v0 roughly con stant. Thus, the latter quantity is found to have the numerical values 2*4 x 10~4 * in the outer corona, 5*6 x 10-4 in the inner corona, and 8 x 10-4 at the base of the chromosphere. The small variation of /JN0/v0 over such a wide range of conditions is justification for the use of the simple formulae in equations (4) and (7) for com puting the absorption over regions where /? and NJv0 individually are changing appreciably.
There appears to be little doubt that the sun possesses a general magnetic field whose influence extends into the corona. The strongly suggestive appearance of the polar tufts in this connexion is now supported by measurement (Thiessen 1946) . This investigator finds the polar value of H to be 50 gauss. The corresponding values of the gyro-frequency are shown in figure 1. In calculating these it has been assumed that the distribution of H in the solar atmosphere is similar to th at in the earth's.
T r e a t m e n t o f d a t a
For the purpose of calculating the solar emission the disk of the sun was divided into four or more annuli. These were chosen so th at the radiation received a t the earth emerged at mean angles of 20, 40, 60 and 80° respectively to the. solar radius. This leaves a small central disk for which i is approximately zero. For each frequency the levels from which the radiation emanated were determined by the use of equa tion (1). In the lower range of frequencies, as explained above, r < 1, and the appro priate levels were determined from equations (3) and (6). For high frequencies and small values of i (the inner annuli), it was usually possible to employ equations (2) and (5) instead of (1), thus greatly reducing the labour of computation.
The levels determined for a range of the lower frequencies are shown in figure 2 for the 'ordinary ' and 'extraordinary ' radiation respectively. At the largest value of i (80°) the results can only be rough, since towards the limb of the sun the approxi mation involved in treating the surfaces of the annuli as plane will break down. The condition [i sin i = constant, used for ray tracing, should here be replaced strictly by fir sin i = constant. I t has not been thought necessary to treat this complication in the present paper. The complete procedure in computing the radiation is now as follows. At the given frequency the average level from which the radiation emanates is determined for each annulus as described above. This determines the value of T for each annulus. When the level has been determined by the condition r = 1, then T is also the effective temperature Te of this annulus, considered as a full radiator at the chosen frequency. For values of p and i which give r < 1 at this level, the absorptive power (1 -e~2 computed from equation (1). In such cases, the effective temperature of the annulus considered as a full radiator becomes T( 1 -by Kir Proceeding in this manner the values of Te for a number of frequencies were com puted for the ordinary radiation. The results are shown in figure 3 for various frequencies selected to illustrate all the typical distributions of Te across the disk, within the radio spectrum. In figure 3 , Te is plotted, for each frequency, as a function of the distance from the centre of the solar disk. It should be noted that in this figure r0, the solar radius, has not necessarily the value measured by optical methods. The precise definition of r0 would require a higher degree of approximation, at the glancing angles from the solar limb, than is used in this paper. It is observed th at th6 lower frequencies show 'limb darkening', although, of course, this occurs for a physical reason quite different from that which explains the same phenomenon in the visible region of the spectrum. At wave-lengths in the neighbourhood of 1 m. the disk is uniformly bright, but at wave-lengths only slightly shorter, pronounced 'limb brightening' appears. This, of course, is due to the fact th at the radiation in the middle of the disk is emanating from the chromosphere, which is at a much lower temperature than the corona. At the glancing angles from the limb the radiation still comes from the corona. I t is now an easy matter to compute for each frequency the average value of Te over the whole disk. This was done by assigning to each annulus a weighting factor proportional to the projected area of the annulus perpendicular to the line of sight. The 'extraordinary' emission has been derived from the above computations of the ordinary emission by the following approximate treatment.
Solar radiation in the radio
Consider first the higher frequencies where equation (2) is applicable to the ordinary radiation and equation (5) to the extraordinary. Since the solar envelope is a full radiator for these cases the only difference in emission arises from the different temperatures at the different emission levels for each component. At high frequencies (A< 10 cm.) the accurate solution of equation (6) shows th at y < < c 1 at the turning point. Since the level r = 1 is above this point, and co decreases upward, it follows th at y<t 1 at the level of emission. The ordinary and extraordinary radiations are therefore equal at such frequencies. For wave-lengths of 1 m. and upwards, accurate solution of equation (6) shows th at y varies very little from the value 0 5 . A weighted average value for yL over the disk at A = 1 m. is about 0*17. Hence (1 -(1 -is 0*65. The extraordinary emission at frequency is therefore equal to the ordinary emission at frequency 0*65p. For the lower frequencies (A > 1 m.) the temperature at the emission levels for the ordinary and extraordinary radiation are practically the same, but the emission differs because of the different absorption coefficients expressed in equations (4) and (7). Proceeding in a manner similar to th at described in the preceding paragraph it can readily be shown that the extraordinary emission at frequency p is equal to the ordinary at frequency 0-77p. In this manne extraordinary radiation has been derived from the previously computed ordinary radiation. I t is shown by the dashed line in figure 4 . Solar radiation in the radio spectrum 2m. Jm 50cm.
wave-length F igure 4. Effective temperature of the sun considered as a full radiator, in the radio spectrum, for the ordinary and extraordinary components. The total emission at wave-length A is pro portional to [Te (ord.) + Te (extraord.)] x A-2. --------Ordinary radiation,------radiation.
Co m p a r is o n o f t h e o r e t ic a l r e s u l t s w it h o b s e r v a t io n s
The value of T (20,000°) at 10 cm. measured by Southworth (1944) appears to lie on the theoretical curve of figure 4. At a wave-length of 1-5 m. Pawsey (1946) finds a background of noise which he interprets as thermal radiation corresponding t° T = 106 degrees. Dicke & Beringer (1946) found T = 104 degrees at 1 cm. All these results agree satisfactorily with the theoretical curve in figure 4. Similar obser vations at wave-lengths near 50 cm. would be of considerable value in testing the theory. At the longer wave-lengths (> 1 m.) it may prove difficult to separate the thermal radiation from that associated with sunspots.
Observations of the variation of brightness across the solar disk would provide a valuable test of the theory. Covington (1947) has studied the effect of the partial solar eclipse of 23 November 1946 on solar noise at a wave-length of 10-7 cm. When the radiation from an active spot group has been eliminated from his results it appears that the curve of diminution of noise during the eclipse is considerably shallower than would be expected theoretically if the noise emanated uniformly from the disk. There is also some evidence of an unexpected large drop in intensity near first contact. Both these results are to be anticipated if the above conclusions regarding limb brightening at such wave-lengths are correct.*
. R a d ia t io n d e d u c e d f r o m K ir c h h o f f 's l a w c o m p a r e d w it h THAT FROM THE THEORY OF FREE-FREE TRANSITIONS
Reber (1940) interpreted galactic radio radiation as due to free-free transitions of electrons in the field of protons in interstellar space. This idea was further developed by Henyey & Keenan (1940) , and has been applied to solar radio noise by Greenstein (1947) . The latter has expressed doubts about the validity of the Kirchhoff treatment (Martyn 1946) , which is used also in the present paper, and advances arguments tending to show that thermal solar radiation will not decrease a t low frequencies as is indicated in figure 4 .
Since the problem is essentially a classical one the correspondence principle should apply, and both treatments should give almost identical results. The present section is devoted to testing this point, and to a consideration of the relative advantages of the two treatments for calculating emission.
The classical absorption coefficient k used in the present paper is due to Lorentz and is given by (9) v N 2 cjumrif 2 • This expression for k has been used in the present paper to describe absorption of energy both in the deviating region ( j i i< 1) and in the Workers who have applied quantum mechanics to the problem do not appear to have yet considered media where N is large enough to cause [i to depart appreciably from unity, so, for comparison with their results, fi is put equal to 1. A neutral electron-pro ton gas is considered. In the above expression for k, v is now eliminated by the use of equation (8) The above expression has been derived on purely classical lines from simple con siderations of the absorption of a plane wave due to collisions (Lorentz), combined with Chapman & Cowling's first approximation to the diffusion coefficient in a fully ionized gas. In comparing it with that derived by quantum mechanical methods it is necessary to give precision to the definitions of intensity of radiation, etc., and to consider carefully the form of the radiation field. For this purpose, the definitions and terminology used by Milne (1930) are followed throughout. The equation of transfer of radiation can be written (Milne 1930, p. 161) 
where af is the absorption coefficient of an electron-proton pair in the state is the intensity of radiation, ds is an element of path along the direction considered, n', n" are the numbers of ion pairs per c.c. in the absorbing and emitting states respectively, and q', q" are the statistical weights of these two states, and <r = 2hf3/c2.
This equation is to be compared with th at derived on the simple Kirchhoff theory, viz.^ = -Klf+KBf.
(This simply expresses the fact th at the gain of intensity along the pencil of radiation is the difference between the intensities emitted and absorbed.)
For comparison with the classical absorption coefficient it is clear th at k is the quantity to be determined. For when plane waves are considered / > becomes infinite along the direction of propagation of a plane wave, but this, of course, presents no difficulty in practice, since such a wave is physically unrealizable). Hence, for plane, or nearly plane, waves, the solution of equation (12) becomes
showing that k is the quantity to be compared with the Lorentzian absorption coefficient. For conditions of local thermodynamic equilibrium equations (11) and (12) must be identical, so th at
so that . a c = n'oif(lNow, n'ccf, when summed over all the (continuous) absorbing states, is the true absorption coefficient of the medium. At radio-frequencies, however, the quantity in round brackets in equation (13) is very small (about 10-7), so th at k is very much smaller than the true absorption coefficient. The physical significance of this is clear. At these frequencies, the Einstein stimulated emission is much larger than the spontaneous emission. Moreover, as Dirac (1926) has pointed out, the stimulated emission must have the same direction as the stimulating field. Hence, a t radio frequencies, the effective absorption coefficient is very much less than the true absorption coefficient, owing to the presence of the large stimulated field.
The emission from the encounter of electrons and protons was first calculated by Kramers (1923) This must be divided by 4?r in order to obtain the intensity of emission The later wave-mechanical treatment of Gaunt (1930) adds a correction factor <7, given by g ±^lo g e(3kTI2hf).
7T
There has been some controversy whether the above expression for Ef includes the stimulated emission. Eddington (1923) has argued th at it does, but Gaunt advances powerful reasons to the contrary. It will be found below th at agreement between the classical and quantum treatments of the present problem is possible only if Gaunt's view is correct.
Assuming the latter viewpoint, the intensity of the unstimulated emission can be written as Hence, by equations (13), (14) and (15), and remembering th at 1 k (Kramers, Gaunt) = ( ).
The agreement between the classical and the quantum expressions for k is clearly very close, as it should be. The absorption coefficients are identical save th at the slowly varying function loge (4kT /e2(2N )i )arising from th electron-proton gas, is replaced by the slowly varying function \oge(3kT /2hf) which arises from the Gaunt correction factor. Over the range of gas pressures, and radio-frequencies which are concerned in observations of galactic and solar radio noise, the ratio of these functions differs little from unity. Both formulae must break down at high densities, when encounters can no longer be considered as binary. The Lorentz-Chapman formula must break down also at very low densities and high frequencies since the Lorentz theory applies only when there are large numbers of electrons in a cubic wave-length. Over the range of conditions discussed in the present paper either treatment can be used. There are many advantages, however, in the use of the macroscopic concepts such as refractive index and absorption coefficient which are employed in the present paper. Since conditions are en countered where p1 , any theory based entirely on atomic concepts would hav consider the combined effect of the scattered field from the assemblage. I t would seem to be unnecessary to proceed in this manner in dealing with a classical problem for which classical methods are adequate and relatively simple. This work has been carried out as part of the research programme of the Council for Scientific and Industrial Research, at the Commonwealth Observatory, Canberra. I t is a pleasure to acknowledge the many valuable suggestions and criticisms received from Dr R. v. d. R. Woolley and Dr C. W. Allen. The author also wishes to acknow ledge the benefit from frequent discussion of solar noise problems with Dr J. L. Pawsey and the staff of the Radiophysics Laboratory of the Council.
